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CONCRETE PZNETRATION

Abstract

A large amount of concrete-penctration data has been cnlleeted in the
past few ysars, It turns out that the availabl: thoories of penctration do
ot fit the data very well and, consequently: (a) makeshift empirical formu-
las have t2 be used in predicting concrote penetrations, and (b) no satis-
factory basis exists for computing times, velncities, and forces during pen-
=tration since the "law of force" governing the variation of the force re-

sisting the projectile during penetration is unknown.
o -

The best way »f improving our basic knowledge of venetration will be to
obtain direct measuremsnts of certain variables during penetration, provided
that dependable Sanrﬁmﬁnta1 methnds can ba devised. A promising electro-
magnetic method 1s described in Appendix A. Since such direct measurements
are not now available, ths present report attempts to synthesize a more sat~
isfactory thesry by an indirect method.

The kind of p2netration measurements that have been made (final pene-
tration as a function of striking velocity), together with the laws of
dynamics, are insufficient to determine uniquely the force law during pene-~
tration. Tha prablem is, therefore, to supply additional assumptions con-
cerning the forcs law that will be just sufficisnt to determine the force
without lcading to conflicts with the obssrvations, as is th: case w1th the

assumptions made in the traditional thoesrizs »f nonetratlon

This procgss is 1illustrated by assuming that the resisting pressurc p
dopands only on the denth x and the valocity v at sach instant, and that it
is of thz form n=a(x)+bvZ  The cquation of motion is intcgrated and ex-
pr:ssions are giveon for compubing p, v, and tho time ¢ as functions of x
during any particular panctration cyclz. Furthsrmorc, it is shown that if b
is the same £or two concrates and ths ratin »f thzir a(x)-functions is a
constant © for all x, then the ratio of the striking cnergics required by
th: sam> orogbctll Tto rcach any final depth x5 in both concrotes will also
bo cqual 19 th: constant C. This comparison principlcz agraes vary well with
calibar .50 penetration data ' for widely different concretes. This is in
contrast t» the lack »f agreement that has been found for the commonly used
assumpticn that thsre should be a constant ratin between penetrations in the
two concretes independent of the striking velncity for which the COmp rison
is made. :

The new comparison principle is not restricted to the particular force
layr from which it is here derived (for example, see Appendix B); its valid-
ity rests mzinly on its agreement irith the observetions, Using it, an aver-
age wenetration curve is found from data £2r many different targets such
that any particulcr penetration curve cen be related to the average by means
of 2 simple oroportionnlity constant called the "ceoncrete factor."™ Thus the
accurccy of any particular venetration curve can be grzetly enhanced and the

~1 - CONFIDENTIAL
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method of specifying the effect of concrete properties in penetration formu-
las is greally improved.

Some new data (given in Appendix C) concerning the effect of projectile
nose shape on penetration are analyzed according to the same gomparison
principle. It is found that the ratio of striking energies requlred by
otherwise similar projectiles .of different nose shapes to reash the same
finmal depth x; in the same target is a constant, independent of x;. The
amalysis of the data furthermore leads to a simple linear function of ogival
nose height for representing the effcct of nose shape in penetration formu-
las. :

Further new data (Appendix C) concerning the effcct of projectile mass
on penetration arc used to evaluate the constant b in tho assumed force law.
Appraciably bettor agreement with the data is sccured for three widely dif-
forent projectile masses on tha same target than can be obtained cither by
applying the commonly usced scetional-prgssurce assumption or by leaving out
tho bv? incrtia torm in the assumed force law.

Having thus obtained a satisfachory roaprescentation of the deperndence
of pinetrotion on striking wvelocity, target concreote, projoctile nose shape,
and projectilc mass on the hasis of the assumed force law, the scope of the
thuory is illustrated by sampl:s calculations of remiining kinetic encrgy,
resisting pressurz, and time during typical penctrotions.

Thz thoorotical conscquences of a furthor goncralization of the force
lavw, mamely p=a(x)v? + b(x)v2, arc doerived in Appendix B. The results do
not upsct the agresments with oxpariment found for the restricted thoory;
they may prove uscful in fitting the data for diffzrent caliboers (seale
cffect!), which is the principal remaining problom.

I. Tntroduction: The interrelation of theory and experiment

The purpose of this report is to review the present status of the prob-
lem of concrete penetration by projectiles and bombs, and to reexamine from
the beginning the methods by which both theory and experiment may be brought
to bear in obtaining answers to practical questinons. "Thenry" here means
deductions from Newbon's laws of motion, particularly the second law, T =ma,
vhile "Experiment" consists mostly of observations of the final maximum
penetretion as a function of striking velocity for a large variety of tar-
get and projectilec combinations. OCther kinds of experimental observations
-~ especially those irvolving time, force, velocity, and displacement dur-
ing penetration —-- would indeed be useful, but these do not yet cxist in

sufficient quantity.
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For convenlence and clarity, penetration is distdnguished from perfora-‘
tion; penetratinn refers to the entry of a missile into a massive target or
into a target of sufficient thickness so that no visible effects appear on
the back face; perforation generically refers to cases in which obscrvable
effects appear an the back face (thus cracking and scabbing of the back face

are classed as perforation phenomena), vhile a complete perforation specif-

ically refors to the passage of the missile through the target slab or plate.

~ In this rcpoft only panetration at normal incidence by a nondeforming
projectile is under discussion unless othorwise stated. Tt is felt'that the
more complicated phenomena »f parforation, of oblique ponetration and per-
foration, and of deforming missiles can logically be bost described and ana-
lyzcd by comparison witﬁ.normal, nondef orming ponctration into the same tar-
get material. Tho discﬁssiOn axplicitly rofors to éoncreto as the target
material in this roport, but it is thought that th: methods of combining do-

ductions from theory and inductions from cxporiment may, mutatis mutandis,

be applicabl: to othor target matoriels such as stecl, armor, soil, and so
forth, as well.

Th: diagram of Fig, 1 portrays in soparat: columns a numbor of the morc
sbvious items of "Theory" and "Experiment" and their interrelations in the
present status of the problem of penetratisn. The separation between the
éolumns is almost complete in our present knovledge. The Sines A, B, and C
bridging the gap in the chart emphasize connections that should be examined

in order to make progress toward a more unified structure.

The idealized separation intn theory and experiment is, of course, not
completely true in practice. Tor example, Lhe ecmpirical penetration formu-
ias which have been constructed intrnduce the thesretical assumption that
penetration is proportional to the projectile mass for a given target,
striking velacity, caliber, and nose shape. Conversely, theoretically de-
rived penetration formulas alvays contain certein parameters whose velue is

later to be fizxed by reference to experimental pznetration dota.

1/

The Robing-Euler and Poncelet thenries~’ are ropresentative of the

stage of our knowledge in the "Theory" column, Their imdequacy appears at

1/ Sce Part T of Ref, 1 for a summary of the classical thzories of
penctration. Sce List of Rafarences at the back »f this report.
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once when an allempl Ls made Lo LIt them Lo aclual penetration observations
over a sufficiently large range of striking velocities. The Pétry special
case of the gencral Poncelet formula is very poor in this respect for con=~

crate.,

2/ 3/

The empirical formulas=/ and nomograms=~' used at present in the United
States and Bungland for estimating concrete penetration illustrate the stage
ot our knowledge in the "Yxperiment™ column. . Neither their accuracy nor the
scope of the knowledge so fepresented 1s satisfactory for all practical
aunestions. They du not lead to a unique force law unless very strong addi-
tional assumptions sre made, such as, far example, that the resisting force
depends only on the instantaneous velocity ¥ of the projectile (this has
been followed up to somo OXti?t in England); or that it depends only on the

instantancous penetration x.~" These current empirical formulas involve
decimal -or fractinonal powors of some of the variables and thus do not offer

much promisc for constructing a rational physical theory to account for them

-by integration of th- cauation of motion of the projectile., The most that

can be sald for them is that they provide systematic methods for aﬁcraging
test data and for intoerpolation and extrapolation to values of the variables
nthor than those actually obscrved. There are indications that these aver-

aging mcbhods need t0 be improved.

The not result of this situation is that we arc not justified in being

satisficd with our prosent understanding of concrete penctration. 1In

2/ Soz Refs. 2, 3, and L.
2/ Sez Ref. 5.

g/ See Raf. 6, which forms a logical preface to th:z thiory to be de-
vzloped in the present report. Reforence 6 decls with the computation of
vzlocity v, time t, and resisting force R during panctration under the three
simplost assumptions concerning the forco law; namely, that the resisting
forc: (&) is constant, which loads to the Robins-Eulor theory, (b) depends
only on v, which luads to the scctioncnl-pressure thaories of poenctration,
erd (c) dopands only on X, which loads to tho scctiomil-cnorgy theorics of
penctration, Tt is shown that ithor assumption (b) or (c) may be applicd
without int:rnnl contradiction to any given penctration curve, and that the
us: of tho two cssumptions results in the computotion of diffcorent valucs
of v and t during ponctration. This illustrotes the fact that a knowledge
of The absaerved pometration curva alone dacs nat imply a unique forcec law.

CONFIDENTTIAL
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predicting penetrations, doviatinns of 15 to 30 perecent may be encountored
cven within the ranges of the variables for which test data are available,
and 50 parcent or more for strong cxtrapolations such as large calibers

and vory low or very high caliber densitics. The uncertainties in pro-
ceeding from normal ponctrations to porforatiens and obliguitics increasc
thesoe possibla errors., Of cven greater practical conscquence is the fact
that we do nnt have a satisfactory basis for cstimating forces and times —-
forcays which sometimes cause deformation or ruptur: of bombs and HE pro-
Joctiles, Fforces required to initiate incrtia-typo fuzes, and times of

panetration ncedad for optimum fuzing of oxplosive missiles.

Both thu cstimation »f Forc:s and timus and th. strangthening of the
panctration formulas roquire a batt.r knwriledge »f the variation of the
forey rasisting the projoctil. during panotratiosn than ve now have. In
the last analysis this improvod knowdodpe will dopend on dircet oxpori-
mental obscrvations, as indicat:d in the Lowsr right-hand corncr of Fig. 1.
Appendix A describes cortain experimental methods with which promising
proliminary trials hav: been madp,é/ but thoesce coxperiments have now been
discontinued b:causz »f th, prassurs »f other work., Tt romains to sce
whrther the indircet m>thod of secking a rovised law of resisting force
to liminatc “bvious contredictions 1ith th: pencbration data may not

yi=ld some improvem:nt.

As has boen natoed, th theor:tically derived penctration formulas in
thg‘lit;raturué/ d” ot hev. sufficiont frucdom in the form »f undet.r-
minsd paramstors tn p it adoovate fitting of tho availabl: penctration
data. On th: othsr hand, .cmpirical p.notration formnlas and curves do
not, of thomsclves, load €9 a unique law »f resisting force. In ather
words, the path from loft to right in Fig. 1 is ovordetermined, while
th: path from right to loft is und.rdetormined. This suggests:

A. Wsakcning tho assumptions on the force function R s2 that the

intesratad cquation »f motion contains sufficicnt floxibility

t7 parmit its boing fittod $92 the data. This may be done,

2/ Soo Refe 74
6/ Soc Ref. 1.
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for coxample, by allewing th2 postulated resisting force R to

contain appropriate undetermined functions as well as undeter—

mined constants. The particular sclection of R will then de-
pend on physical plausibility, simplicity, and formal inte-
grabilitybof tho equation of motion.

B+ Strengthening the data analysis in order to evaluwate the un-

detormined functions and paramcters, and to provide, if pos-
siblc, significant checks on the adequacy of tha assumed form
of th: force function. An important aspoct of this strength-
cning consists in finding improved moethods of averaging

and comparing pznztration data for difforent targets and pro-
jectiles? thus reducing as far as possiblc th2 influcnce of
random sxporimontal orrors in the quantitative results. The
potential valuc of such improved methods may casily bo cqual
to a large mass of new ad hoc data and should not bz under-

cstimated.

IT. A th:ory of ponctration

Th: romainder of this report is devoted tn giving a specific illustra-
tion of the mothod of approach just described. We bogin by postulating a
genoralized form of th: Poncolat force law which is belicved to be particu—
larly appropriate for the accuracy and cxtoent of the concrate penctration

data aveil~bl. ot presont. The conscquenees of a further goneralization of

the Ponc:l.t farce law ars devzlopad in‘Appcndix B.

V> assume thet the reosisting force por unit maximum cross-scctional

arca of tho projzctils s of th: form:

(1) Rosisting prissure = p = R/A = a(x) + bv?,
whoro
X = nose penetration of the projectile,
v = velocity of the projectile,
A = moximun cross-scctionsl area of the projectile.

This is significantly weaksr and less restrictive than the usual Poncclot

cesumption in which th: crushing paramoter a is nssumad constont:

CONFIDENTIAL
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nevertheless, it retains all the advantagos of physical plausibility which
hav: baen adduced in favor of th} Ponc:lat assumption and which hava been
i

adequat2ly discussad :lsavhara, =

The wnspecifizd functional depondence of tha crushing rasistance a(x) "
on x can tak s account of tho offact of (1) th: pointad nosc of th: projec-
til> 3nt;ring ths target, (2) crat.r formation and the lack of confincment
of mit.rial noar ths target fac:, and (3) possible intrinsic variations of
rasistanc. wi£h deﬁth in th> targ:t duc to curing,=~" pouring flir'oction,2

ar oth:r cauécs. On th: oth:r hand, tho possibility thot o is constant is

not 2xcluded.

The coefficient b in the term bv®, which takes account of the iner-
tial reaction »f the displaced torget material, mey actually not be a con-
stant as assumed here, but it is felt that the dote of the kind required
are at present nnt extensive or ~ccurate ennush tn parmit onything more

than & mean value nf b t2 be evalunted.

It is useful t7 mak~ explicit the intended physical significance of b
. C . . " . U 0 .
by introducing = dimensinnless "“inertie coefficient" 7 as follows.l-/ The *
increment of the projectile energy expended in overcoming the inertial re-

action »f the target material for o distonce dx is .
A = AbvZdx.

The corresponding increment 2f volume swept out by the projectile is Adx.
This volume represents o mass (w'adx)/z of target mnterial, where w' is
its weight per unit volume, and g is the accelerction due t2 gra?ity. If
this mess hod o velocity v, its kinetic energy would be

wlAdx

Al = v
g

7/ See pp. 12 tn 15 in Ref. 1; pp. L2 ard L3 in Ref. 8.
8/ See pp. 33 and 3L in Ref. 9.
2/ See p. 5 in Ref. 9.

10/ See p. 14, Ref. 1.

CONFTIDINTTIAL




-

-9 - CONFIDENTIAL

fle define 7 as the ratio of the true energy A expended by the projectile to

this hypothetical kinotic energy A' gained by the target materiali

A _ 2gb

(2) Ll vllaleen’
I)I‘

- ¥
(3) b= 75

In order to summarize in a perspicuous form the quantitative physical
relations implied by the assumed force law we eschew, for the moment, the
formidable numerical factors which crise from the hybrid system of units
later to be used for aétual data computations. The following equations
hold with any consistent set of units for the physical quantities involved

(for example, the foot-pound-second system) .

Using Eas. (1) and (3), Newton's second low gives the egquation of mo-

tion of the ﬁrojectile in the target:

P_adv _ = (v w2
(L) 3 VIR P a(x) 5 Vo
where
P = w/h = "sectional pressure' of the projectile,
w = welght of the projectile.

This is a first~order linear differenticl caquation for the cpecific kinetic

energy U of the projectilet

au w!
— ——— T =N V\
(5) P + 7 5 U a(x),

where U[ = Pv®/2g] is the kinetic onergy psr unit cross-sectiomal area of
the projectile. Using the initial conditions ot the beginning of penetra-

tinn, nomely,

v = v, = striking velocity,

i
[
o]
!

= Pvg/Zg = gpecific kinetic enerpy at striking,

to dotermine the constant of integration, the integral of Eq. (5) is

(€) v =Py - a)],

COHFIDAINTIAL
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whare
X
(7) u(x) = a{x)e

o]

}
w x/de.

By inserting in #q. (o) the final conditions,

X = x, = maximum nose penetration,

v =0, and U = O,
we obtain the relation between the specific striking kinetic energy .and
the maximum penetration:

. Xy
] o
(8) U, = u(x,y) = a(x)eqw:x/lﬂxe

0
Jo

This relation represents the experimentally observed "penetration curve.®
In terms of Eg., (6), which gives the remaining specific kinetic energy s

a function of x during penetration, the resisting pressure p is
(9) p=p(x) =-4U

the remaining velocity is

(10) _ v = v(x) =:J§%g;
and the time t after beginning of penetration is
. X _Px
= t(x) = ax . | P dx
(11) b = t(x) L \,/2g Z,
b Jo .
Finally, from Eq. (7):
_ ~aw'x/P gu
(12) G(X)"e a‘}z.

In principle the eval.tion of these quantities from existing pens=~

tration data 1s possible as follows. The observed penetration curve in

the form of Eq. (8) gives directly the function u(x), defined in Bq. (7).

Th

0]

volue of ¥ is derived from penetration cvrves u(x) for geametrically

TCNFIDENTTIAL
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similar projectiles (same caliber and shape) of different masses (different
P) on the same target [same a(x) and w'], The remcining quantities -- p(x)
v(x), t(x), and a(x) == can then bo found from u(x) and 7 by using Egs. (6)
(9), (10), (11), and (12).

In the shot-by-shot computation and reduction »f experimentally ob-
served penetration data the following hybrid system of units is useful and
convenient. It avoids the use of awkward numerical factors and powers of
ten in stating velocities, energies, and so forth, and data for different

calibers are at once brought to a common basis to facilitate intercompari-

son.
Symbol Unit Definition
w 1b Weisht of prnjectile.
d in. Maximun diameter of projectile (caliber).
v ft/sec Frojactile velocity.
X ft Nose penetration.
X in., Nose penetration; thus X=12x.
s -_— Smecific gravity of target material.

define the following derived quantities:

~~g
[©)

v 1031t /sec Projectile velocity; V=v/1000.

D _ 1b/in3 MCaliber density®; D=w/43

E [103ft/sec]” 1b/in®  "Caliher energy’; E=DV3

2 - NCaliber penetration," that is; nosn pene=~

tration in calibers; z=X/d = 12x/d.
In these terms the specific kinetic snsrgy of the projectile is

6
(13) v =229 5« 197878a £h-1b/in?,
and the experimentally obscrved "penetratinu curve" corresponding to 7. (8)
is

(1

) G, = f(24).

The pure number w!'x/P accurring in ths exponents of the thoorotical
formulas is, physically, the dimcnsionless ratio of the mass of the target

material displaced from the bullet hole to the mass of the bullet.

CONFIDSITTAL
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Sukbtracting a "nose eorrection™ A¢ (in.) from the nose penetratinns seems
appropriate in order to get a true estimate of the actual volume of the
bullet hole. .V With

ZC =g - (Az/d)’
we get

1
%; x = 0.02837 % Ze, = a pure number.

Hence, the mass dependence factor in the formulas is

(15) u(z) = e-vw!x/P = o0.02837 as20/D . ,5=0.01232 'aszC/D,

where ¥ is the dimensionless "inertia coefficient" as previously defined.

Corresponding to Bq. (6) we have the caliber energy as a function of
depbth during penetration:

(16) 8 = n(e)[E, - £(2)].
The instantaneous resistirg pressure, 3q. (9), is

o2l x 100 4@ an L
(17) p = - __._.._.._"g — % - 237450 EP lb/ins

and, similarly, the crushing resistance, 3q. (12), is
(18) a = 237Lhou(z) df 1b/in?
hOp(z) S= ?

From Zq. (16) we get for the velncity during penetration, Za. (10),
(19) Vv =VE/D 103ft/scc,

and for the time of penetration, Eq. (11),

zZ
_ /D dz,

(20) f o= ool =£ sec.
: 12 000 " /7

ITI. The penetration curves for diffcrent concretes

In the new notation the function f(z) has taken the place of u(x);

the evaluation of all of the thooretical quantities depends on a knawlodge

ll/ Sce Appendix II, p. 87 in Ref. 8.
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of f£(z) and 4 in addition to the directly determinable quantities D, d, s,
and A, While f(z) is, in principle, obtained by plotting E, against
z,[ =12x,/d] for any set of observed penetration data, thé exp2rimental
errors are usually of the arder of 5 to 10 porcent, and the number of shots
that can be taken on a given target is insufficient to dafine f£(z) satis-
factorily for numerical differentiation. Yet such differcntiation is re-
quired in arder 7 make a reasonable cstimate of ¥ from data for nthorwise

similar bullets of difforent mass on the same target.

The following method of increasing the precision of f£(z) by averaging
and comparing thc penetration curves for the samez projectile on Aifferent
targets scems to‘give excellent results. We introduce into the thuory the

following plausible supplementary assumptions

For a group of similar concrote targets tho individual crushing
resistances a(z) boar constant ratins t2 onc anothor for all

valucs of z,

Wo definc tho constant ratio of the crushing resistance a(z) for on: of the
concrebes tn the average crushing resistance &(s) for the wholo group as

tha "Concrazte Factor" € for that concroto:

(21) C = () . constant, independent of z.

If the same projectile is used on similar concrotes, s/D will bo constant,

ard th: mass dupndence factor u(z) in Zg. (15) will be the sama for all

-

targets of th: group. Wa sce from 3q. (7), 2r its analopuc in our "practi-
cal units,
Z

1 a(z)

(22) £(2) = 7o Joy piz) e

that th2 ralation between the ponctration curve for one target »f a group

and the avorage penctration curve for all targels of the group is

(23) £(z) =cf(z),

whire T(z) is the arithmetic avorage of the individual £(z) valuss for all

memburs of the group at cach value »f z. This, thon, is th. practical

e ——— e ettt —
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sxpressinn »f our supplomontary assumption in the f£orm in which it can be

applicd diroctly to oxporimental ponctration data.

It is important to contrast Bq. (23) with tho averaging mothods hore-
tofare omplayed £ar conercte data. Current empirical penetratinon formulas
were constructed »n the assumption, originally derived fr-m the "sectinnal
prassure? theories >f penetration, that penetrations in different targets
cHuld be represented as being proportional t7 a universal function »f
striking velocity, the prop rtionality factor involving woight and caliber
~f the prnjectile as well as a penetration resistance parameter for the
concrete. Penetration experiments at model scalelg/ have shgwn that this
assumptinn of a universal velicity dependence can give »ily a very rough
representation »f the data if the concrete quality is varied »ver a wide
range. For example,lé/_a weak cvncreﬁe may show 3%‘times,the penetration
btained in a strong concrete at 1000 ft/sec and 5 times‘the'penetratiﬁn
at 2000 ft/sec. The penetrations are “bvisusly not proportional to the
same volocity~dependence functisn £or the tw> ¢ neretes. 'bwrréspﬁndingly,
the atbtempt t» comparc »r average penctratioms for fixed values Of strilk-

. g ] . .
ing vel301ty—£ dres not give very satisfact ry results.

The considerations sutlined above 1-ad to an alternative suggestion,
namely, that striking encrgies (cr veloieities, since D is assumed constant)
be compared r averaged, for fixed values f penetration, As will be
illustrated, this moth~d ~f c>mparing and averaging ponetration data scoms
t» give much more satisfactsry results than the ~ld method with respect to

both simplicity and accuracy.

The relatien given by &1q. (23), togother with the assumed constancy
of ¥, leads t» a great simplification in computing the gquantitics in
Egs. (16) through (20), since they.may be computed just oncu for the group

average f(z), and then their values for any onc of the concretes of tie

-—
N
~

Sce Ref. 9,
See v 29 in Rofe 9.

See pu. 22 to 28 in Ref. 9.

—
W
~

—
AN

|
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group (having the concrete factor C) will be given by the relations

BN

for all values of z during penetration to the same maximum 24,

The average penetration curve f(z) of Table I and Fig. 2 is based on a
selection of twenty good sets of penetration data from the Concrete Proper-—
ties Surve-y.lE A selection was originally made from the twenty-elght-day
fog-cured concretes, but a comparison of the preliminary averages obtained
indicated that data from the seven-day fog-cured target cubes could be in-
cluded, which aided the extrapolation to volues of z above 9.0 calibers.
A1l of these dota were obtained with coliber .50 E-6 hardened steel experi-
mental projectiles with nearly the same caliber density; for this f(z)-
curve the average value of D was 0,5154 1b/in?, and the average value of
s/D wes 4.1B0 in2/1b. The values T(z) represent the arithmetic average of
values for z=2,3,4,... read from smooth curves drawn by eye on individual
plots of the penetration date for each target. These averages were then
normlized to f(z) = 1,000 at z = 5.00.

Table I. Normalized average penetration curve from selected Concrete Prop-
erties Survey data.

Average D = 0.515) 1b/in?; average s/D = L.180 in®/1b

D it . om
—

Caliber Panetraticon|Caliber Energy Caliber Penstration <‘6alibe§_Energy
A T 2 f
‘ 2.00 0.2l5 9.00 2.149
3.00 Q67 10.00 2.4L5
270 partially
L.00 - 728 11.00 143 extrapolated
5.00 : 1.000 12,00 3.0h%
6.00 1,280 13.00 3.305]
7.00 1.566 1k, 00 3.6L9rextrapolated
8.00 1.856 15.00 3.955)

15/ Sce Tabl: TII-A in Rof. 9.
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If a comparison is made between this f(z)=curve and a velocity depénd—
ence of penetration of the form z =kV® by ploatting f(z) on log-log paper, it
is found that the slope & varies with z, An approximate evaluation of «(z)
may be obtained by numerical differentiation from Table I,

2

-

(25) «(z) ~ 2 5

S8 L]
o | >

The second curve on Fig. 2 was obtained in this way. It shows that the

apparent value of w will increase as deepef peretbrations and less resistant
concretes are considered. Tt has been pointed outlé thaﬁ this phenomenon
may be the origin of the slightly d4ifferent values of o used in the British

and American concrete-penetration formulas.

To test whether the proportiomality relation, Eq. (23), between the
data for a particular target and the average f(z)-curve holds, one may plot
the observed calives encrgy B, for each shot against the caliber ehergy f(zl)
read from the smonth curve in Fig..2 at the obscrved caliber penetration z;.
According to Za. (23) the points should fall on or near a straight line
through the origin; the slope of this line is thc concrete factor G. Assum-
ing that the straight lino passes through the origin and through the center
of gravity of the points, its slops is
LB,

Z:f(zgj’

(26) C =

the sums being taken nver all of the shots considered. Using this value of

€ and Tablz T, the adjusted penctration curve mey be obtained from Zq. (23).

If Eq. (26) is computed for th: niuz sets of data plotted in Figs. 2,
3, and 4 of Ref. 9, values of C ranging from 0.56 to 2.02 arc nbtained. The
resulting adjusted penetration curves fit the data as woll as,-or better
than, the curves resulting from th: adjustment by the method given in the ro-
port cited; furthzrmorz, the onc-paramctor rolation, Bq. (23), is much sim-
pler than the equation given on page 25 of that roport for avoiraging and com-
paring penetration curves. Sincz the prescnt mathod alss has a bottor thoo-

retical foundation it is to be prefarred on all counts.

lé/ Scz p. 27 in Ref. 9.
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IV, The effect of nose shape on penetration

- Some new caliber ,50 data showing the effect of projectile nose shape
and mass opn penetration are given in Appendix €, These data were‘gbtaingd'
during the work of the Concrete Properties Survey at Princeton, the same

17/

equipment and methods being used as described in the report on that test,

Along with th= data for each special projectile, comparison data for
standard caliber .50 E-6 projectiles worc obtained on the same concrote, the
sets of five target cubes Ueing identically made on the same day, curbd to-

gether, and tested for penctration at the same age of 28 days.

If, in liné with the previOus work, we compare caliber cnergles for
the same dopth of ponctration we find that, within the accuracy of thesc
data, the following cmpirical rulz holds: '

Far twon projectiles of tho same mass and ealibor, bni of differ-~
hnt nosc shape, p;nctrating the same concrcte targoﬁ, the ratio
of strlklng calibur onergics T‘OQU.lI‘Od to achicve a given depth

of nosc P2 nctration is a constant. independent of the punutratlon

dvpth for whlch th> comparison is mado.

We may, thorefare, define a "Nose Shape Factor™ N by which the actual cali-
ber energy EO[=1f(Z1)] should be multivlied t» find the caliber energy re-
aquired by a standard projectile with the same mass and caliber %o reaci

the same final depth of nose. nonetraflon z3. OCombining this with 3q. (23),

we have?t _
7) Nf(z) ='C~f"(2), ”

where N = 1.000 for the standard projectile. Thus Ea. (23) is a special
case of the more general Ea. (27). The standard caliber .50 i-6 projec-

tile used in these tests has a 1.50 caliber radius ogival nose.

Table ITI gives a summary of the results concerning the effect of nose
shape on penetration derived from the data of iAppendix C. Tor projectiles

with ogival noses the numerical value n of the radius of opive in calibers

11/ See Ref. 9, especially Appendicés A and B
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Table IT. Summary of the effect of nnse shape on penetration.

Target Ogival Nnse Nose Mean

Nose Radius Height Caliber
Cube n h c/N Factor Density, D s/D

N9, (calibers) (calibers) , N (1b/ind)
B3B 3-7 1.50 1.118 1.1155/ 1.000 0.5215 L.L3
B3B 3-7 Flat 0 1.580 0.706 L5046 L.58
B3B 13-17 1,50 1.118 0.98 2/ 1.000 .5169 L. L8
B3B 13-17 0.50 0.500 1.173 0.841 4995 L. 6L
B3B 13-17 Flat 0 1.435 0.687 .5037 L. 60
B3B 20-2 1.50 1.118 12112 | 1.000 513 1.52
B3B 20-24 3.10 1.688 1.050 1.153 .5h3L L.27

2/ This is the concrete factor C for the standard projectile for which
N =1,00.

is listed in the second column; the word “"Flat" is entered for square-ended
slugs./ For the ogival projectiles the nose height h in calibers is computed
18

from—

(28) h =+vh = 0.25 calibers.

1.
1

J

=3

2 value of C/N given in the fourth column was computed by the method of

-

=

Ba. (26), a few sbviously poor points being discarded. TFor each set of tar-
get cubes the concrete factor C is the underlined value of C/N as listed for
the standard prnjectile for which N=1.000. The value of N for each of the
other projcctiles on the same concrete is »btained from C/N by using this
value of C. The last two columns give the mean caliber density D of the
projectiles actually used and the quntient s/N occurring in the exponent of

the mass-dependence factor, Eq. (15). No allowance wes made for the varia-

tion of this factor in ths calculations for the values of Cand N in Table IT.

The velues of the nnse factor N arce plotted ageinst the corresponding
nos2 heights h in Fig. 3. The straight linc droawn on the figure is
(29) N =0.70 + 0.268h.

18/ Son Appendix IT, n. 87 in Ref. 8.
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It is felt that this relatlon should give reasqombly gond estimates of the
effect of nose shape on penetration for ogival projectilss even at larger
calibers, The straight line, Eo, (29), in Fig, 3 is dashed from h=0 t»
h=0.50 because, strictly speaking, a tangent agive is impossible with
h<0.5. The dashed continuation of the line above h=1.70 represents an

extrapnlation.

Figures L, 5, and 6 show plots of the data on which Table II is based,
together with the smoothed penetration curves resulting from the adjustment.
A question mark above the platted point marks each »f the four data points

omitted in the adjusiment.

We digress from the main argument for a moment to obtain an expression
for the penetration of caliber .50 AP bullets in concrete. Figure 7 shows
a plot of the data for the B3B 25-29 target cubes (Lppendix C) comparing the
peqetrations of the service AP bullets with penetrationa of our standard

caliber .50 E-6 experimental projectiles on the same concrete.

The average mass of the AP bullets used wes L5.58 gm, giving a nominal
caliber density »f 0.81 1b/in? However, the jacket of the service bullet is
torn off within the first inch »r twn »f penetration into concrete and then
the observed maximum penctrotion is that of the core. Undor these circum~-
stances the initial projectile mass connnt be cxpected to have the same
effeet on penetretion os in the case of a nondefrming projectile. Thoere-
forc V2 rather thon caliber'onargy is ploatted as ordinate for this ad hoc

comparison.:

For this c¢oncrete the concrete factor, C=1,139, was computed from'
Eqe (26) as before, using the data for the coliber .50 E-6 bullet. The
curve drawn on the graph is -

V2 =CT(z)/0 = 1.9370F(2),

since the average D=0.516L 1b/in?

Using a muthod of caleulation analogous t» that of Eq. (26), but using
tha adbserved VP-values rather than E, in the numerator end thus ignoring the

lorgor initiel bullot moss, the constoent f£or the curve

(30) V2 = 1,403Cf(z)

CONFIDSZNTIAL
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as drawn for the caliber ,50 AP projectiles was obtained. This equation
will probably give good estimates qof the penetyation to be expected for

the service bullet even for other values of the concrete facteor C.

V. The dependence of penetration on projectile mass: Estimate of ¥

According to the theory as outlined in Sec. IT of this report, the
projectile mass, expressed in terms of the caliber density D, affects the
relation between striking velocity and penetration in two ways: (1) D
enters in the calculation of the caliber energy E[ = DV?] and by writing
the "penetration curve® in the form Eo==f(zl) this effect of projectile
mass is taken into account in the simplest way. It may be expected that
this- takes care of the principal part. of the influence of mass on penetra-
tion, as has been assumed in the work of Secs. IIT and IV. (2) D also en-
ters in the integrand of Eq. (22) through the mass-dependence factor u(z)
defined in Eq. (15). Its effect here depends on the magnitude of the in-

ertia coefficient ¥, which remains to be cvaluated.

Ponetration data for caliber .50 E~6 bullets of three appreciably dif-
ferent masses on the samec concrete (target cubes B3B 8-12) are given in
Appendix C. The light-weight nrojectils was made by boring -out the in-
terior of a standard caliber .50 I-6 stocl projectils before hardening; the
heavy bullet was made of tungsten carbide to tho same dimensions as the
standard E-6 projectile. Th> 1.50~caliber-radius ogiva gives 48/d4=0,L9
for the nosc correction of theose projectiles. Thoe average specific gravity
of thzo cdﬁcrcto of these targets was s=2.312. The mass, caliboar density,

and s/D valucs were

’ Average Avrage )
Projectilce Type Inss Caliber Donsity s/D
(gm) (1b/ind)
Hollow 20,28 0.3609 6.1
Standard 29.07 0.5173 | L.u7
Tungsten carbide 58.70 1.0L4khs . 2.21

CONFIDINTTIAL
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In trying t» get an estimate £ g from the penetration data for these
thre~ prnjectiles we can now take advantage »f the greatly improved knowl-
edge 2f the penetration curve for the standard projectile obtainable by

means of the averapging methods of Sec. TII.

Calculating the concrete facthr from Eg. (26), we find, by Ea. (23),

"'('3':1:)' o £1(z) = 1.027F(z)

as the adjusted penetration curve f£or the standard projectile (denoted by
the subscript 1), ignoring, as before, small diffarences in D and s/D.-Using
the subseript 2 to denste the ouantities for a projectile of appreciably
differcnt mass and .assuming that the crushing resistance a(z) remains the
same, .we. have,: from Eos. (15), (18), and (22):
2

0, py(z)

j ?E'/uzz as.
do

—~
(WS

N ~
s

fa(z) =

This "intoeral con be cvalwted £or various assumed valuss of 2 for both the
hollow ahd the tunesten carbide projoctiles. In the absence of an amlytical
cxprdssion far the oonatration curve £1(z) the calculations requirc numeri-
cal Mfferentiation and intcgration. Not only is this process greatly aided
by relating £4(2) to the avoraged curve f(z), but the approximations involved
in taking finitce intervals tend to compensets since the -same intorvals can

be uscd for both the differontiation and the intogration,
By a trial and crror méthod bascd on Eq. (32) the cstimate

(33) . . . 7 = 0.6

‘we.s obtainsd for the inertia coefficicnt for conerote from thess dota.  The

resulting fit ic shown in Fig. & where Vzésf/D hos beeﬁ chosen as .the ordi-
note in order to seporate the curves and poihts‘mérg clecrly. The dashed
curves fepresent the values that would be obtained>6n the assumption # =0
and; by comparison vith the others, illustrote the relnative insensitivity of
the computed values to ths choice of 7. It nevertheless seems signifiéant

thot the same volue, 9 =0.6, gives o good fit for both the hollow and the

T R o=k T L e L - PP S o 3
tungsien carbide projeciuiles. T g were cbitoined from fl(z)
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by using thz old sectional-pressure hypothesis (without nnse correction)
that penetration is propartional t9 projectile moss. Even vith this amount

of data it will be seen that the new method gives distinctly betier results.

VI. Kinetic energy, force, and time during peretrotion

Tt is now possible to compute values »f E, p, 2, v, and t during pen-
etration from Eqs.(16) through (20) for any moximum penetration z, by using
the penetration curve. f(z) and the value of 2 estimated in the previous
section. In fact, we need only‘carry.through the numericcl calculations
for the average penetration curve f(z): the results for any particular con-
crete con then be abtained by means of the simple retios of B, (2L); even
for projectiles of somewhcot different nose shope from the standard we may
expect Bqs (2h) to hnld to o g0ood, approximttion with C/N in place of C.

The curves given in Figs. 9y 10, and 11 are based on ¥ = 0.6 ond the
average coliber .50 5-6 pencetration curve given in Toble I and Fig. 2,
for which s/D is about L.5. If the rotio /D of concrete specific gravity
to projectiie caliber density is appreciably different from this value the
curves should be recalculated using an epproprictely revised F(z)-curve
which could bo.obtained cither experimentally »r estimcted by the method
of Sec. V.

Figure 9 shows the caliber energy remaining ot any depth during pene-
tration computed from Bq. (16) for cach of six moximum caliber penctrotions,
z,=04.0, 6.0, 6.0, 16.0, 12,0, ~nd 1L.0 calibers.

Figurs 10 shows the resisting pressurc p computed from Za. (17) as 2
function of depth during penetrotion for th: some six maximum penetrotions,
and the crushing rosistance of the conercte from BEq. (18) =5 ~ function of
depth. The difforentictions vre pzrformed numcricelly by plotting the
avzrage velue for the z-intervals in Table T ~t tho midpoint of each in-
torvel.,

The time of pencbration computed from Eq. (20) is prescnted in Fig. 11
in torms of tho dimeonsionless paramcter vot/k plotted os 2 function of the
instontoncous caliber penstration 2. The celculetions were made for the

same six moximum ponetrotions os before. The dimensionless quantity vot/x
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is particularly useful, especially wnen comparisnns at different calibers
are to be made; it may be regarded either as the ratin of the striking veloc-
ity vo to the avoerage velocity x/t to any polnt, ar as the ratio of the dis-
tance that would have been covared in time t il the ariginal striking veloc-
1ty v, had been maintailned te the actual distance X asovered in the target

during-this time. 1In the notation of Sec. IT its wvalue is
2

Vab \/E-; dz.

Gy vob _ VEq .

X z |, VE

One may circumvent the awkwardness connected with the fact that T (see Fig.

-—

'9) in the denominator becomes zero for 2=z, by using the following device

in the mimsrical integration. If, for z, Sz = 2, E is non-negative and

—

(practically) a linear function of 2z, then it is easily shown that

Zb o .
(35) o az _ 208 = 2)
. i \/Ea + VEb

Za .

The increments of 3q. (3L) were computed numerically by this method.

£s shown by the dashed straight line on the graph (Fig, 11), it is
found thrt the computations for total time and maximum penetration can be

expressed very well by the relation

’ v.t
(36) o )’2 1= 1,5 + 0.0762.
: 1 A

Until these(calculgtions can be made fer the actumal calibers and caliber
densities, it is felt that this relation may be used in selecting optimum.
fuZQ séttings for HE bombe and projectiles. - The curves of Fig, 11 show how
inscnsitive the actual depth is to small errors in fuze time near the end of

penetration.

VII. Summary and conclusions

An attempt has been made to establish a more satisfactory connection
between penctration observatiOns and a revised theory of penctration with a
vicw to finding an improved formula of penctration and obtaining estimates

of time, foree; nnd velocity during penetration,
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The lack of agreement between existiug thenries »f penetration and
the form of the nbserved penetration curve for a given combination of pro-

jectile and tafget is removed by the simple axpedient of allowing the

“assumed force law to contain an undétermined function of depth x which is

then cvaluated from the observed penetration ourve.

In the past, penetration formulas, both theoretical and empirical,

hove assymed that the ratio of depthé_reached by a given projectile with

the same striking energy in differant concretes is a constant, independent

of the striking energy. Tests have shown this assumption to be inade-
quate.lg/ The depth-dependence of tho re&isting force assumed in the pres-
ent theory leads in o perfectly natural way to the result that the ratio

of striking energies required by a-given brojcctilu to reach the same depth
of penctratinn in different concrates should be A econstant, iuiépéndeﬁt of
depth. This thaaretictl result gives an execllent ropresentation of the

nbsorved focts,

Somz new dnta on th: 2ffect of projectile nosc shape on penetration
are than analyzed by means of the same comparison principle and it is '
shown cmpirically thot the ratio of striking cncrgics requirced. by othoer-
wise similar projcctiles of diff.rent nosc shapes t0 reach a given doepth
of ponstration is a cénstant, indepandeont of ponctration depth. Thesc con-
stant ratins, as cvoluated from the deta, scem t0 depend in a simple lincar

wey on the longth of the agivel noscs of the projectiles,

Somz naw data on the offect of projectile mass on ponetrotion arce used
to evalucte the remeining peremotor in the assumed forc: law, namely the
coofficicnt nf the Poncclet-type inortia torm. Three projoctiles with
relative masscs of %:1:2 wore used for thy tosts, and it is shown that
th2 samc value of the inertia cocfficient results in & vory satisfoactory
fit to the date for all three projuctiles. The agreement is appreciably
better than would be obtained zith:r by making the customary assumption
that the ponotrations orc proportiomnl to projectile moss for cach strik-

ing volocity, or by leaving out the inortia torm in the assumed force law,

19/ Soa p. 22 in Raf. 9.
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Having thus obtained a satisfactory r presentation of the dependence of

penetration on striking velocity, target concrete, projectile nose shape,

and projectile mass by means of the theory, sample calculations of velocity,

resisting pressure, and time during penetration cre carried out in Sec. VI

by way nof illustrating the scope of the relations that have been derived.

The results are felt to be sufficiently promising to warrant further

work.

1.

The following polnts should be studied:

Only caliber .50 penetration data have been amalyzed in terms
of the proposed theory sn far, Therefore, the most important
next step would bé to study the relation between penetretion
curves for different calibers on the same concrete; this -
amounts to 2 re-evaluation of the scale effect in terms of
the new theory., One reason for eleborating the details of
the further generalization of the theory in Appendix B is
that ﬁhey‘may be useful in finding a force law which will

Le cunsisibent with penctration observations at all calibers.
The data of the Penetration and Bxplosinn Tests on Concrete
Slabsgg (P & E test) are particularly suitable since pro-
jectiles of different calibers were shot ot the same slab at
the some age in 2 number of cases. A preliminary check has
shown that the averoge penetrotion curve for uncapped 37-mm
nrojectiles on the largest P & B slabs is indistinguishable
in shape from that given for caliber .50 E-6 projectiles,
(having 2lmost the same caliber density) in Table I and Fig, 2
of the present raport. For the other P & E calibers, nomely
75-mm, 3-in., and 155-mm, an cllowonce will have to be made

for their difforent coliboer densities as outlined in Sec. V.

If tho hopod—fof common force low con be confirmed for ~ll
the calibers and caliber densities for which accurate dota
cre aveilable, then coleulntions like those in Sce. VI of

velacity, force, and time during paretration should be made
to cover the practical purposes for which thesce gquantities

are needed.  In particuler, the total time for maximum

20/ Sce Ref, 10.
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penctration of HE bombs (largo-caliber and low-caliber
density) and anti-concretc HE projoétiles should be esti-
mated in order to specify gptimum fuze times. The resist-
ing force to'which thesc missilos arc subjccted in con-
crcte should llkewisce be evaluated in connection with

problems of fuze=initlation and of rupturc.

If, as in thc casc of éaliber .50 projectiles, a consider=
ablc Increcasc in the accuracy of cstimating normal, nondc-
forming penctrations of all calibors rosults from the work
of Item 1 above, then a comparison basc will be available
for a re=-cvaluation of cxisting data on obligﬁc pencetration,
normal and obliquc porforation, and residual velocity after
perforation. Thesa rc~e§a1uations should be carried out
with a view 'to making possible accurate and deﬁendableApre;

dictions of these phenomena.

A re-evaluation should be made of the Gonecrete Properties
Survey and similar data by computing the concrete factor
for each of the concretes tested and studying its variation
with various concrete properties. The improved accuracy of
the “concrete factor" method may well lead to a clearer
plcture of the effect of various concrete pronerties on
penetration resistance. This is of principal importance
for the desipgn of foriifications and other defensive struc-
tures, but should also aid in estimating the performance of
our weapons against the types of concrete that the enemy is
knovm to make and have. It would be. very helpful to be able
to express the concrete factar as a functinn of selected
concrcehte properties and thus tn include the effect of target
in a general penctration formula, It remains to be seen
whether anything bettzr than the present rough approxima-
tions can be worked out for this‘purpbse. Incidentally,
since this analysis of the effect of c?ncrete propertics

can bz carried out quitz independantly of thz scale—offect
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investigation (Item 1 abnve), the results should give a fair
test of the British assumption that the effect on penetra-
tion of aggregate size and of caliber should be completely

representable in terms of their pure number ratio.

The same general method should be systematically applied to
the problems of penetration in other materials, especially
ste:l, armor, and soils. Even if the main problem of find-
ing the law of force cannot be solved completely in each

case, considerable improvements in the form of the empiri-
cal penetration formulas may be found that will enhance the
accuracy and confidencs with wbich extrapolatory pfedic-

tions can be made.
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APPEMDIX A

An Experimentéj’lkthod for Heasuring Velocity as a Function of
Time during Penetration )

The most promising way of improving owr understanding of penetration
would be tn obtain direct experimental observations of phenomena during pen-
etration. Until these are obtained, theoretical considerations, such as
those given in this report, will continue t» be tentative and speculative.
Even measurements of the total time of penetration alone would be most help-
ful. : :

The expsrimental vmrk reported in Refs. 7 deals with an axperimental
methnod »f measuring velocity as a function »f time during penetration in
nommagnetic and nonconducting media like concrete. The basic ideas involved
in this method cre as follows. )

The electromntive force induced by 2 longitudinally magnetized projec-
tile (considered as a point dipnle with 2 magnetic moment of i electromag-
netic units) moving with a velocity v (cm/sec) along the axis of an ideal-
ized circular coil of I turnsand r (em) radiug is

(A-1) e = kvf(x) volts,
where
k = ?g&f% volt-sec/cn

and the "poasition funciion™ f(x), a pure number, is

X

(h-2) | £ = gy,

1 +x )

where X is the instantaneous position of ths dipole on the coil axis meas-
urcd in coil radii from thz center of the coil. The position function f(x)
is plotted in Fig. A-1. 1In the absence of & resistant target, v is sensibly
constant and x is proportioml to the time i, measurcd from the instant t=0
when the dipole is at the center of the coil. In this case Fig. A-1 is a
picture of the form of the emf pulse as a function of timec as commonly ob-
tained from cach coil in the solenoid method »f measuring projectile veloc-
ities. If the projectile strikes a resistant target (nommagnetic and non-
conducting) plcced near the coil, the emf pulsc will be changed bocause v
changes and because X is no longer proportioncl to t. On the assumption—
thot the mognatic moment M does not materially chenge after impact it is in
principle possible to deduce the projectile velocity as o function of time
frain an accwalely recorded ascillographic trace of the emf pulse as & func-
tion of tima. ) '

- 39 - CONFIDENTIAL
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A more direct determination of velooity as a function of time can be
obtained by using two identieal ceaxial colls connected in opposition and
spaced a distance of 0,90 diameters apart, Measwing x (in coil radii)
from the point on the commop axis midway between the cnlls, the induced
electromotive forge becemes : o

(A=3) e = kvF(x) volts,
where _
(&-L) F(x) = f(x + 0.90) - f(x'—.0.90).

This two-coil position function is shown in Fig. A-2 together with the two
single-coil components of which it is composed. The flat-topped region of
the graph illustrates the fact that

(A-5) F(x) = 0,4085 = constant, within * 1/3 percent
whils the dipele is in the interval

(A-6) -0.3<x <0.,3

between the coils. Hence, in this interval, En, (A=3) becomes

(4=7) e = b.hOBS kv volts;

that is, ths induced clectromotive farce is proportional to tha projectile
velocity at cach instant and is independent of x to & very good approxima-
tion., The soscillogreph trace will give directly the velocity as & func-
tion of time whilec ths magnetic center of the projecvile is in the inter-
val (A~-6); the target should therefore be placed so thot the decelera-
tions to be obscrved accur in this intarval,

It is of som~ scientific intarest to point oul that this two-coll
arrangement is very clas:ly related to a two-coil arrangement specified
by Maxwcllid for obtoining a ncarly uniform mognetic figld gradient neor
the axis midpoint. ibxwell's spacing betwoen coils is V3/2=0,866 diam-
ctors; the 0.90-diamnter spacing is a compromisc which scrves to oxtend
the useful interval (A-6) somewhat without motericlly affecting the con-
stancy of F(x) for practicel purposes. Th. underlying conncction botween
the present arrangement and Mexwell's bocomes clear if we considor the
dipolc as moving in the mognetic ficld of o cwrrent flowing in the coils
and cqurte the rate of work done on the dipole to the addition2l power re-
quired by the current to overcome the induced clectromotive forco.

The two-coil arrangement not only has the advanfoge ovor the single-

coil system of greatly simplifying the routine annlysis of thu recorded

21/ Sec 715, pp. 358 to 359 in Vol, II, Eloctricity and mognetism,
by J.7C. Mexwell, 3rd od. (Clersndon Press, Oxford, 1892). )
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oscillegpeph tpaces, hut if makes it easier to ossess the accuracy of the
resulting v(t)=zcurves and in recognize imperfections in the recording system
which might otherwise lead £q erroneous v(t)-curves.

References 7 deol with experimental work using the two-coil system,
porticularly the initiating and recording system and the problem of stabi-
lizing the bullets to reduce the change in magnetic moment during impact to
o minimum. Sctisfactory performance was obtained with service caliber .50
AP bullets, ond the problem of stabilizing exverimental caliber .50 E-6 bul-
lets had just been begun when the work was interrupted in order to transfer
the cvoileble parsonnel to more important problems.

It seems prnboble that experimental information of considerable value
in connection with the determinction of the following quantities moy be ob-
tainoble by the further development, adaptation, and exploitation of this
methad: -

(1) Time as.o functinn of depth during penatrotion and, in particu-
lery time for mexlmum penetration for vorious missiles, strik-
ing conditions, and target strengths. This would be of usc in
specifying fuzc settings of projectiles -and bombs for maximum
cffect agoinst conerete and similor materials.

(2) Resisting farce as a function nf time or depth during penctra-
tinn for various striking veloecitics, nosc shapes, torget
thicknesses and strengths. Such information would be of use
in (a) specifying thc minimum thickness »f torget nccessary
t2 initicte inertia-type fuzes, (b) specifying targets and
striking conditions likely t» ccusc deformation ar rupturc of
HE bombs ond projectiles ageinst concrcte, and (c¢) furnishing
2 basis for tho design »f HE missiles t» securc moximum ceffect
withnut rupturc.

(3) Remaining velocity at vorious depths in o target and after por-
farctinn. It will be noted thot the negative peaks befoarce and
ofter the flat-top in Fig. A-2 may be uscd os cuxilicry meas-
ures or chécks of striking ond residunl velncitics, respec-
tively. Such information would be of usc in (o) studying the
protective value »f lemincted or spoced slebs, (b) cnclyzing
the moximum perforotion »f o bomb through successive concrete
floors ~f o structure, ond (¢) finding tho rclation batween
striking and residual velneitics for conerete and nther slabs.

Whenever the detorminction »f 2ne »r more »f those quantities beesmes suf-
ficiently important to Justify the usc »f scientific facilitics and troined
parsonnel it is rceommended thot the cppliecction Py this methnd be considored
in e¢onnection thorewith.
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APPENDTX B

. A Further Generalization of the Poncelet Force Law.

It is possible to integrate the equation. of motion explicitly for the
following further genewalization of the Poncelet force law:

(B-1) Resisting pressure = p = a(x) v + blx)v?

For A=0 and b(x) = constant, this reduces to the force law, Eq. (1), in
Sec. II »f this report. This assumption still belongs to the restricted
class of force laws which depend anly on x end v. The first term on the
right~hand side makes it possible to approximate on increase of crushing
resistance with rate of strain (for example, v/d) by toking A > 0, which
would yield o “"scale effect" dependence cunlitatively in the right direc-
tion since (v/d)?* would decrease with increase of d; that is, ‘the resist-
ing pressure would be smaller for larger calibers. The difficulty that
the resistance, Eo. (B-1), gows Lu zei¢ &8 v becomes zero may not be
serious for smll volues of A, In any cese 1t would be possible to cut
off the integrations ot some value v=v, and take A= 0 for vg 2 v 2 0 in
order to improve the approximation. ' : :

It may also be that there is a voriation »f inertial resistance dur-
ing penetration which could be approximated by alloving b(x) to vary with
depth in the target. Doubtless the effect f the toarget motericl dis-
placed and accelerated ot each point of the projectile's penetration is
transmitted forward os well as sidewnys. The forwvord components vrould
tend to reduce or change the values of the Poncelet o ond b effective at
later points of the penetration cycle. It secms very difficult to formu-
late these phenomene mathemoticollyt the speed of propagotion of elastic
and plastic disturbances in the target motericl may be important and the
resisting force may vell depend on obher vorinbles beside x ond v; the un-
derlying couse »f the "bserved scale effect may be bound up with thesc dif-
ficulties. MNevertheless,. the postuloted X ond v dependences mey give o
fair approximotion to the resisting forces for the ronge »f velncitics and
penetrotions in which we ore intercsted from the proctical point of view.
On the vhnle these speculations and uncertaintics serve tn emphosize once
more the need for direct oxparimentel obscervotions of phenomenn during
penetratinon as discussed in Sce. I and Appondix A,

As in Eq. (2) of tho text we introducc the dimensiosnloss “inertin co-
officienth o Co .

(B-2) 4{x) - = bixj,

which now depends " %.  Tha countion f motinon is still o first-order
linecor difforenticl cquation in terms »f the quontity

(B-3) Uy = T_%_x. g% cy2(2-3) = gy

CONFIDSNTIALL - L -
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whare
1 P A : ‘ :
(B-L) K = TTX(E?) (in particular, K =1 for A =0)
and
B L
U = 5= = specific kinetic energy (as tefore).
The equationAof motion is then
- dUA . . S .
S } w _
(B~5) = + (1 -2) - a(x) U, = -a(x).

Using the initial ecsnditiodns, the solution is

(B-6) Up = 00, - u, (0],
vihere A
' fx
(B-1) w00 - ] 20 g,
Jo M

(B-8) H,‘(X) = [H(X)]l—h:

(B=9) ux) = e-?(x)w‘x/P’

and 7(x) is.the "mean inertia cnefficicnt," a pure number, equal to the mean
value of ¥(x) from O to x. The quantity 7(x) is thus

rx

(B-10) 7(x) = % / 7(x) dx.

The function p(x), whlch does nnt depend on A, has been introduced to
facilitate working out the relationship between these formulas and the ob-
served ponetration curves for thb latter we maintain the notation of 40.(8),
Sec. 1T, namely - :

(B-11) Uy = ulxy),
Inserting the fimal conditions at the end of penetration in Eqg. (B-6) and
noting Eq. (B-3), we obtain

(3-12) U, = uylen) =KUY = Klae)]
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Thus the function u,(x) is cbtainable from the observed u(x) for any A:
1-3
(B-13) u,y(x) = Klu(x)]

Inserting Eas. (B-3), (B-8), (B~12), and (8-13) in the integral (B-6) we
have, after simplifying,

' -
(B-1L) o U = p(x){uf;"" - [u(x)]l"’f} 1=a

Thus the remaining specific kinetic energy U at each pnint x during pen-
etration can be computed from the striking energy~U s the ponetrdtlon
curve u(x), the mean inertia coefficient #(x), and 2he _parameter A. It
follows that, using Bo, (8-1L) instead of Eq. (6), the instantaneous val-
ues of the resisting pressure p, the velocity v, and the time 1 are given
by the same equations as beforc, namely Bgs. (5), (10), and (17), respcc-
tively, »f Sec. II. Tt is notewnrthy that an explicit knowledge of a(x)
is not required for these crmputations =0 p, ¥, and t during penetration.

If by some mecns (£or example, scale-effrct dota) A can be evaluated,
then both 7(x) and a(x) can, in principle, ve calculuted as £211ows from
penetration curves, u,(x) and u,(x), observed with sufficient accuracy for
twn projectiles »f dAifferent nasses {scctioml pressures TPy and Py ) but of
the same shape and caliber on the same concrete.. From Eq. (B—13) we com-
pute for each projectile the function

duA(x}
dX L]

(B-15) L(x) = 1og,
It £211ows Lrom Bas. (B=7), (B-8), and (B-9) that
— Cwrl
Ly(x) = 1og, a(x) + (1 = A)7(x) %; X,

and similarly for Lﬁ(x). The solutimm »f these simwltaneous equations
yields the required relations: : ’
B Ly (x) = Falglu)

Fy = B

"
[

(B-16) log, a(x)

1 L Lg(x) = Ly(x)
(1 =-Mwix I

Pe . Pg

(B-17) 7(x) =

which depend on A through Bg. (B-15).

The calculations £or p, v, t, and, particularly, the evaluatinn of
7(x) depend on the accuracy ~f sur knowledge f the penetration curves
u(x). As in Sec. IIT we can derive overcging methods tn enhance the pre-
cision »f the "bserved curves. Ve introduce the folling appropriately
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revised but equally plausible "supplementary assumption" into the gensral-
ized theory:

For a group of similar concrete targets the crushing-resistance
cnefficients a(x) in Eq. (B-1) bear constant ratios to one an-
other for all values of x.

Thus cach a(x) is proportional to some standard function ag(x) which is the
same for all targets »f the group:

(B-18) a(x) = Cyag(x).
It follows from Eq. (B~7) that
(B-19) ] uh(x) = ChuA,S(X)3

and from Eq, (B-13) that

~ -2
(B-20) u(x) C;/(l h’uS(X)-

Tha generalized theory thus leads to cexactly the same method of comparing
and averaging penctration curves as the restricted thoory did in Sec. TIT.
In fact, we ar: froo to idontify us(x) with the average penetration curve
a(x) for the group and to writc, as in Ea. (23) of Sec. III,

(B-21) u(x) = Cu(x),
whare the concret: factor

(B=22) ¢ = ¢/ (=7
is the sams, quit: indepondent of A, as that defined in Sec. TTT.

Thes: considerations lead to th: unexmected and striking conclusion
that any success of tho restricted thoory o0 th: text in rilaving the pone-
tration curves for th: samo projzctils on diffcerent concretes not only docs
not constitute evidence against the gensralized theory but actually gives
equal support for the latter!
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APPENDTX G

Penetration Data on Caliber .50 Special Projectiles

The Princeton Concrete Prapeprties Survey (CPS) wes an experimental
study of the effect of concrete proparties on penetration resistance ;2&/
for this purpnse the same projectile (caliber .50 Z-6 projectile) was used
in testing the penetration resistance of a large number of different con-
cretes. Tn order tn obtain some data on the effcct »f different projec-
tile masscs and shapes on penetration, the series o»f tests here repeorted
were made during the work of the CPS, utilizing thé same methods and equip-
ment.

The various special caliber .50 projectiles are shown in Fig. C-1.
Three solenoids wore used with the chronngraph for measuring the velocities
as proviously described,®# and the instrumental velocities were corrected
for ths wvalocity decrease nvar the distance (about 13, 18, .nd 23 ft, re-
spectively, tor tha various solznoid combinations used) to the target cube.
Different form factors i and G-tables are required for the different pro-
joctiles, and wo vish t0 thank H. D. Hitchcook and R. W. Ladenburg of the
Ballistic Research Laboratory, Absrdecn Froving Ground, for their halp and
advics in deciding upon the values used. The velocity enrrections were
made according to th: cquation,

(C=1) Av = =1G ‘% Ax,
vhore

bv (ft/secc) = velocity correction,

4 (in.) = projoctile diamecter,
v (1b) = projectile eight, _
Ax (ft) = distdnc: from midpoint of

solenoid intsrval to target.

Tha. valucs ‘of the product iG for ‘the various projectiles viore read from the
curves of Fig. C-2, ‘

Th: mix design and concrcte proportics of the targets are given in
Table C-I. The cubes were made in sets of five, one cube from each of five
batches mixed and poured identically on the same day. Test cylinders and
beams were made from each batch. In the analysis of the penetration data
it is assumed that there was no significant variatinsn in the concrete of
different cubes made on the same day and that average values of the meas-
ured concrete strengths apply to all five targets. All cubés were rein-
forced as described in Ref. 9 with the exception of the last set, cubes

22/ See Ref. 9.
23/ See pp. B-3 and B-l in Appendix B of Ref. 9.
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Caliber Radius

No. Type Projectile Ogive = n
1 Spherical (j-in.
ball bearine) 0.50
P4 Fiat-nosed sluy ———— k

3  Hemispherical-

nosed 0.50 !
L Hollow ! 5 d = 0.4985 £ 0.0010 in,
Standard >E—6 1.50
Tunssten carbide ;
5  Long-nosed 3.10 i
6 Service AP ————

Fig. 3-1. Caliber ,50 special prolectiles.
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B3B 25-29. The latter were made without the reinforcing "cage" so that they
could be broken apart to measure the maximum core penetration of the service
AP bullets. Unless this is done the usual depth-gauge measurement by prob-
ing may imadvertently be made to a part of the jacket, which usually lndges
in the hole at varying distances behind the core.

The penetration data are given in Tables C~IT to C=VI. The measuring
and recording procedures are described in detail in Appendix B of Ref. 9.
A1l cubes were tested for penetration after aging 28 days. The average com-
pressive strength S, (1b/in?) was measured on ix 8-in. cylinders fog-cured
with the cubes for 28 duys. If the bullet stuck, the penetration glven is
the measurcment to the center of the base of the bullet plus the lenghth of
the bullet unless otherwise noted in the "Remarks" column: the value may be
too small if the bullet rebounded in the holej furthermore, sticking is sig-
mificant for full-scale explosive projectiles. For thesc reasons sticking
has always been noted in Princaton tests. The top and bottom faces of

these cubes as poured were not tested for reasons previously discussed.gg

2L/ See p. 5 in Lef. 9.
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Table.C-II. Effect of nose shope on penstration-in concretes

Comparative performance of standard E-6 and flot-
nosed ccliber .50 specicl projectiles.

rgets: -Cubes B3B 3 to B3B 73 cverage compres-—
. sive strength,. m.us 1h/1n2

nS8 triking ose Crater Size G e e e
Roundf, ~of X /| Penetras R I ;
No. |98} Byl Velooi 52/ | U1 LT e ERTRaTeS . Remarks
* | (gm) | (ft/sec) | (An2) |(in.)| (in.)
Stand'xrd B-6 projectilet average miss, 29,31 gm; average caliber
: density D, O. 5215 1b/ind- - .
53L 7 29.h1 574 .1 0.81% 1:0.7 | 1.3 Yaw 4597
516 | 37129:.16 | 7h3 | 1,02 | 1.07] 1.3 '
520 | L j29.28 | 9k5 | 1.40 | 1.15] 2.1
530 | 6 |29.23 97 1.2 | 1.1 1.9
526 | 5 |29.32 1138 1.87 | 1,2 | 2.7
517 {. 3 [29.20 | 1583 #2.86 |'1.1 ‘2. | Bullet at 20°.
835 | 7 129.29 1706 #3.01 1.2 | 1.9 | Bullet at 7°.
521 | L {29.34 | 1823 ¥3.06 | 1.2 | 3.2 ' :
527 | 5 [29.37 | 2076 ¢ | ¥L.31 1.1 | 2.0 | Path at 10°..
531 | 6 [29.51 | 2237 #;,82 | 1.3 | 2.4
Flat ~nosed projnctn.le:bl average mass, 28.36 gmj average caliber
density D, 0.5046 1lbfin?
518 | 3 |28.31 735 | 0.8 1080 1.2
532 | 7 (28.33 823 | 0.95 | 0.95| 1.6
522 | L4|28.50 876+ 1.07. |-1.05[ 1.h-
52 | 5 |28.4L | 1096 | 1.30%+ | 1.30] 2.1 Flat cggregate imprint
: - at 1.21 in.:
528 | 6 ]28.35 | . 1325 | 1.66 | 1.65| 2.6 | Particl flot imprint.
519 | 3 (28.33 | 1603 . [ *2.20 | 1.LO| 2.5
533 | . 7 j28.24 1759 S#2.43 1.55| 2.1
523 | L [28.30 | 1837 | ¥4 | 1.55| 2.7
525 | 5 |28.L5 | 2037 ¥2,99 | 1.60| 2.1 '
529 | 6 ]28.32 | 224 | #3.65 | 1.4O| 2.4 | Band off. Stuck behind
. : bullet.

.,/ The symbol % means thot the measurement is felt 1o be 1'>ss accurate
than othor 1ike me surements. :

1hv symbo] * bofore a penetn.tlon Ve lue means thwt the bullet stuck
and t.hct ‘the ppnet.rg tion given is the measurement to the center of the base
of the bullet plus the length of the bullet unless otherwise neted in the
"Remzrks” column.,

b/ As & rule flat-nosed projectiles did not leave a definite~nose im=-
prassion, . o
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Pable C-III,.. Effect of mass on penetration in concretet

Comparative performance of standerd m-6 hol-
low E-6, and tungsten ccrbide E-6 mliber .50
specinl projectiles.

Torgetss Cubes B3B 8 to B3B 12; average com=
pressive strength, 42LO 1b/in?

B3B .88 grﬁzng " Nose

Crater Size
of Penetra-
gﬁbe Bullet Velocity&/ tlona/ Denth|ladins

(gm) | (ft/sec) | (in.) |(in.)| (in.)
Standord E-~6 projectile: average mass, 29.07 gm; average cali-
ber density D, 0.5172 1b/in?

552 | 11 {29.13 1207 *1.97 1.35 | 2.0 | Bullet at angle.” Re-

Round

R -
No. emarks

maved.
555 | 10 |29,18 1303 *2.35 1.2 2,2 Bullet removed for
. measuring.
560 | 12 [29.23 1313 - *2,19+ [1.15 | 2.4 Removeda x=2,U5 in.
: at 30

554 | 10 {28.63 | 1603 *#2.96 |1. 3.4
558 | 12 j29,18 | 1858  [¥3,86 |1 2.0
Hollow E-6 projectiles ovara ge mos: 0.20 gm; avernge cali-

2
1
Sy
ber density D, 0.3608 1b/in?
18
6

537 8 [20.18 1492 *1.95 1. 3.7 | Bullet at 15°. Remaved.
S5 | 9 20.88 | 1530 2,10 |1.60 | 2.4 :
547 9 120.55 | 1715 *2.hb 0.99 | 2.7
SLO | 8 |20.12 | 17983 *2.59  [1.10 | 2.7

Tungsten corbide B-6 projectile: avercge mz‘.ss,358.70 gm; overcge caliber

density D, 1.0LLS 1b/in:
546 | 9[58.76 | 79kt | 1.85 [1.55 | 1.8 | Yow 207

556 | 10 |58.64 919 *2,51  |0.90 | 2.3 | Bullet removed for
: . measuring.

542 9 158.95 | 1012 *¥2.72  |1.05 | 2.1 Be.se broken. Removed.
559 | 12 |58.68 | 1087 ¥3,25% 11.20 | 2.1 Bullet base broken.
557 | 12 {58.39 | 1137 #3,22¢ [1.05 | 2.6 | Bullet at 159, Base

o broken.
51 8.58.69 | 1309 [*4.70+ {1.28 | 2.9 | Bullet bose shattered.
551 | 11 ]58.87 | 1463 . |¥5,60+ |1.30 | 2.6 | Bullet base chipped.
538 8 158.65 1489 ¥5,52 0.89 | 3.7

[—— T I
'1/ The symbol % mecns thet the mea suremen+ is felt to be less accu~

rote than othor like measurements.

The symbol #* beforz - penetn.tion velue mecns that the bullet stuck
and thot the penetration given is the measurement to the center of ths bose
of the bullet plus the length of the bullat unless otherwise noted in the
"Remnrks" column.

CONFIDSINTIAL




s s a1

D e N

Table C-IV, _
- Comparative performance of &tandard E-6, hemispheri—

- 55 -

CONFIDENTIAL

Effect of nose shape on p_enetratiorx in eonerete:

cal-nnsed, and flat-nosed cali-
ber .50 special projectiles.

Targets Cubes B3B 13 to- BBB-~17-5

‘

average cqnpressive :

S strength, h060 ib/in? . .. .

T e———— .
B3B Mass | Striking | Nose Crater Size| . o
Round Cube nf Velocit Penetra=- : Remarks
! No. | oo Bullet elocity | tioma/ |Depth|Radius s
. @E (ft/sec) | (in) [Wn)| @n) | - sspeve
Standard projectilet average mass, .29.05 gm; average caliber
density D, 0.5169 1b/in? :
561 | 13 [29.20 715 1.22 0.95.1.1.3 N
576.| 16 [29.17 973 1,53 |1.257) 1.9, : L
580 | 17 |28.6L 1155 | *1.99 |1.12° 1 2.3 | Slight .angle. Removed.
56k | 13 {29.05 1418 *2,28 11.30 | 1.7 | Bullet at 15°. Removed. .
567 | 14 |29.01 1436 ¥2:54 |1.20 | 2.6 | Bullet at small angle.
570 | 15 129.03 | 1652 | *3,35 11.32 | 2,3 | Bulle} at slight angle.-
573 | 16 |29.28 2178 *5.16 |1.25 | 2.8 | Bullet at 10°,
Hemispherical-nosed projectilet average mass, 28.07 .gn; average caliber o
demsity D, 0.4995 1b/in? . SR
562 | 13-[27.92 825 | 1.09 [0.90 | 1.3 B
565 | 14 {28.10 1312 ¥2.00 |1.00 | 1.£77| Billet removed for-meas-
. uring. '-

. 578 | 17 |27.92 1323 ¥2,13 [1.18 | 2.5 | Bullet at 10°. Removed,
568 | 14 |28.3L 1401 #2,16 {1.20 | 2.5 | Bullet at 10°, Removed.
S7h | 16 {27.99 1431 ¥2,36  [1.25 | 2.8. | Bullet at 5°. Removed.
571 | 15 |28.14 1630 *2.62 [1.59 | 2.9. | Bullet removed for meas=

_ uring.
577 | 17 [28.09 | "71985 | #4409 [1.,28 | 2.8.-|.
Fl'vt-nosed pr&;)ectile. avarage mESS s 208, 31 gm, average cellber

density D, 0.5037 lb/1n ' 4
563 | 13 |28.3} 868 1.06 [1.06 | 1.5 -
566 | 1 |28.35 | 1156 151 |12 | 2.5 |
569 | 15 |28.45 1579 ¥2,10 {1.45 | 2.8 | Bullet remived for meas—

; uring. -

572 | 15 |28.29 1604 *2,20 [1.34 | 1.9 | Bullet at 10°. Removed.
575 | 16 {26.23 | 1728 | *2.81 [1.50 | 2.6 |
579 | 17 {28.22 2.5 .p:Dullel semoved for meas-

—

) ”19&1 #3,12 |1.58

uring.

he symbol # before a p\,netrﬂt:.on volue means thdt the bullet stuck

.. and that the penetration given is the measurement to the centeér »f the base
of the bullet plus the length of the bullet unless otherwise noted in the
"Remarks™ column. - - :
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Effect of nose shape and mass on penetration in concrete:

Comparative performance of caliber .50 special projec-
tiles: standard E-6, long-nosed, and spheres.

Target: Cubes B3B 20 to B3B 2L; average compressive
| strength, 3755 1b/in?
Mass | Striking| rose .
o B3B of ] Penetra— Crater Size .
oo vube Bullet| ° °"**| tiona DepthiRadius remarke
"1 (gm) i(ft/sec)i (in.) i(in.)! (in.) ‘
Standard E-6 projectile: average mass, 28.05> gm; average caliber
density D, 0.5133 1b/in?
865 | 23 |28.58 672 0.90+ {0.72 | 1.9 Imprint at 30°.
862 | 23 [28.65 853 1.26 {0.95 | 1.9 Imprint at 10°.
366 | 20 [28.96 | 1122 1.56+ [1.11 | 2.7 ! Imprint at LO°.
871 | 21 {28.93 1385 2.18 [1.56 | 2.5 Imprint at 10°,
874 | 22 129.12 1675 | *2.33 [1.20 ! 3.% Stuck at 25°.
877 | 22 [28.85 | 1865 | *3.32 |1.71 | 2.9%
Long-nosed projectile: averape mass, 30.5L gm; average caliber
' density D, 0.543L 1b/in3
867 | 20 |30.05 113k 0.70+ |0.51 | 0.9 Imprint at L5°.
86L | 23 |30.60 759 1.27 10.92 | 1.9
370 | 21 {30.8i 1114 .80 11.37 1 1.9 Imprint at 15°.
873 | 21 {30.55 | 1383 | *2.45 [1.12 | 2.6
876 | 22 130.61 | 1469 | ¥3.31 [1.52 | 3.3 | Bullet at 20°.
879 | 2L |30.36 1890 | *L.06% |1.50 | L.L Bullet at L45°.
881 | 2L |30.80 | 2093 . *L.60 |1.L0 | 3.9
. Spheres: average mass, 8.25 gm; average caliber density D, 0.146 1b/ind
866 | 20 | 8.25 636 0.27 |0.27 | 0.6 .
863 | 23| 8.25 823 .33 A2 | 1.0
869 | 20 | 8.25 1315 - .65 67 1 1.6
875 | 22 | 8.25 1594 .95 8L 1.7
872 | 21 | 8.25 | 1583 8L | .85 | 1.5
878 | 2L | 8.25 | 1863 1.08 [1.02 | 1.9
880 | 2L | 8.25 | 2236 1.0 11.23 | 2.3

g/ The symbol # means that the measurement is felt to be less accurate
than other like measurements. .

The symbol % before a penetration value means that the bullet stuck
and that the penetration given is the measurement to the center of the base
of the bullet plus the length of the bullet unless otherwise noted in the
"Remarks" column.
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Table C~VI. Effect of type of projectile on penetration in concrete:

Comparative performance of standard E-6 and service
AP caliber .50 projectiles.

Target: Cubes B3B 25 to B3B 29, not reinforced; aver-
age compressive strength, 3775 lb/in?

hes | otriking | Nose | :
Round gi‘ge LEES Ve;.‘zci:j' | Pe;::ra- Crater Sie Remark
No. | yo® | Bullet tiond/ [Depth| Radius s
(em) | (ft/sec) ! (in.) {in.) | (in.)
Standard E-6 projectile: average mass, 29.02 gm; average caliber
density D, 0.516lL 1b/in?

896 |28 29.01 630 0.82+ | C.70 1.3 Imprint at 30°.
890 |27 28.043 893 7,20+ 1 1.00 1.5 Imprint at 25°.
883 |26 2Q.50 1202 1.90 1.35 1.6 Imprint at 20°.
897 |28 29.00 | 157) 2.76 | 1.52 | 2,8+ |
900 28 239.15 2330 L.9+ - - | Cube demolished.

Service AP projectile: average mass, 45.58 gm; average caliber

-density D, 0.811 1b/in?

888 ‘27 45.63 l 672 0.96* 410.78 2.0 Imprint at L5°.
8oL |29 1i5.50 | 735 1.29+ .84 1.6 Imprint at 25°.
901 {25 15.50 780 1.29 .90 1.9 Imprint at 20°.
892 |29 145.60 1007 1.8 1.30 2.0
893 |29 | Ls.60 | 1056 1.97 | 1.32 | 2.7 Imprint at 10°.
889 |27 45.63 | 1263 *2.57+ |1.23 | 3.5 Bullet at 35°.
88L |26 45.50 | 1593 *3.43+ |2.60 | 3.9 Bullet at 10°.
891 |27 15.50 | 1676 *3,90 |1.58 1.5 Path at 5°.
895 |29 L5.73 | 2285 6.70 - - Cube demolished.

g/ The symbol * means that the measurement is felt to be less accurate
than other like measurements.

The symbol * before a penetration value means that the bullet stuck and
that the penetration given is the measurement to the center of the base' of

the bullet plus the length of the bullet unless otherwise noted in the "Re-
marks' column.
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